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INTRODUCTION
UVOD
As one of a vast number of oak species, pedunculate oak 
(Quercus robur L.) is a species with a wide geographic dis-
tribution, starting from western Asia to Europe with re-
ported scattered stands in Mediterranean regions (Gil San-
chez et al., 1994) that grow along the valleys of the major 
rivers in clear stands or mixed communities with narrow-
leaved ash, hornbeam and elms. The pedunculate oak for-
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ity of oak stands due to limitations in water availability 
(Stojanović et al., 2014; Stojanović et al., 2015; Kostić et al., 
2019). Pedunculate oak is an especially interesting species 
for breeding and selection programs, taking into consider-
ation its ecophysiology. Dependence of this species on soil 
water properties plays an uncertain role in its survival and 
stress response and, therefore, a focus on ecophysiology of 
this valuable broadleaved species should be a priority in re-
search, breeding and forest management. 
Survival and distribution of sessile organisms such as plants 
depend strongly on their ability to adjust to environmental 




understory tree seedlings (Aranda et al., 2005). Water short-
age and drought periods present limiting factors for forest 
regeneration in modern silvicultural practice by weakening 
the seedlings and affecting their performance at several lev-
els.  Besides  direct  effects  on whole  plant water  status, 
drought causes reduction in stomatal aperture that dimin-
ishes CO2 supply to mesophyll cells, thus causing a reduc-
tion in photosynthetic rate (Blödner et al., 2007). However, 





drought metabolic limitations become dominant. Various 
parameters can be assessed in order to be more precise 
about whether the drought-induced photosynthetic de-







Among a vast number of factors, insects present an impor-
tant biotic stressor that affects plant growth and vitality 
(Drekić et al., 2019). Outbreaks followed by and combined 
with  climate  extremes  (e.g.  temperature, precipitation, 
drought) will become more frequent due to the increase of 
greenhouse gas levels in the atmosphere. Plants, as seden-
tary organisms, cannot escape from attacks and stress and 
have to adjust to the surrounding environment and biotic 
attacks through their life cycle (Niinemets et al., 2013). De-
creases in total leaf number and area are not the only re-
sponse of plants to defoliation (Meyer, 1998; Poljaković-
Pajnik et al., 2019), as grazing injury may also include a vast 
spectrum of metabolic and physical changes in host plants 





aspect for further research in selection programs. On the 
other hand, close correlation of nitrogen metabolism with 
photosynthesis (Marschner, 1995) highlights nitrate reduc-
tase activity (NRA) as a good parameter for investigation 
since it is the first enzyme in nitrogen metabolism (Kastori 
and Petrović, 2003). Also, nutrition levels and the presence 
of allelochemicals in plants determine plant suitability and 
resistance to insect herbivores (Chen et al., 2011). 
Gypsy moth (Lymantria dispar L.) is the most significant 
pest of hardwood forests in the northern hemisphere (El-
kinton and Liebhold, 1990). The species naturally occurs 
in Eurasia but is also introduced in Northern America. 
Gypsy moth populations have occasional outbreaks lasting 
4 to 5 years (Mihajlović, 2008) when caterpillars cause da-





ning and susceptibility to secondary pests. In the case of 





biodiversity and ecosystem restoration initiatives, constant 
efforts for its ex situ and in situ conservation through rese-




forest tree species to climate change, since adaptation ena-
bles plants to optimize their life processes in prevailing 
environmental conditions at an evolutionary scale (Beikir-
cher and Mayr, 2009). In order to achieve these long-term 
goals of pedunculate oak conservation and selection pro-
jects,  integrating different  research fields  such as plant 
physiology, genetics and entomology presents a holistic, 
interdisciplinary solution that is appropriate for current 
and upcoming environmental challenges caused by climate 
change. Also, success in tree breeding can be facilitated by 
increased understanding of the physiology of growth and 




families of pedunculate oak seedlings, during the stress pe-
riod and after recovery.
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seed stand located at the territory of Public Enterprise 
Vojvodinašume; Forest Estate Sremska Mitrovica; Forest 










from 15 to 35 cm. 
The treatments included drought (D), damage caused by 























m-2 s-1 and constant ambient air supply of 100 μmol s-1, with 
























during  stress  and  recovery),  family  nested  within 
date*treatment (genetic variation for seedlings response to 




Response of physiological parameters to stress
Induced stress disturbed nitrogen metabolism in both in-
vestigated oak families. However, significant decrease of 
NRA was recorded in family 2, especially during drought 












(Ci)  showed  significant  increases  in GM- and D+GM-
treated plants from family 2 (295.4 and 281.1 µmol µmol-1, 
respectively) and GM and D treated plants from family 7 
(340.7 and 315.9 µmol µmol-1,  respectively)  (Chart 1). 
Gypsy moth attack decreased transpiration rate of both oak 
families during the treatment period (Chart 1), regardless 
if  it was  sole  treatment  (GM) or  in  combination with 
drought (D+GM). However, the decrease of stomatal con-
ductance of  family 2 D+GM plants was not significant 














families, both compared to the control and the measure-





versus the control plants. Due to the increase of A in con-
trol plants in families 2 and 7 after recovery (from 6.59 to 
9.24 µmolCO2 m-1 s-1 and from 6.44 to 7.35 µmolCO2 m-1 s-1, 




while  Ci  values  in  family  2  significantly  decreased  in 




investigated plants of family 7. On the other hand, the tran-
spiration rate remained decreased in all treatments after the 
recovery period. After recovery, plants from family 7 did 
not have significantly-decreased WUE, although values for 
GM, D and D+GM were lower than in control plants (3.13, 











Influence of the family, treatment, recovery  
and their interaction on the investigated 
physiological parameters 








photosynthesis (F=3.51ns and F=1.17ns, respectively). On 
the other hand, sub stomatal concentration of CO2 (Ci) 
followed a similar pattern as A only for recovery time which 
had no effect on Ci (F=0.57ns), but origin of seedling signi-
ficantly affected Ci (F=28.24*** at p<0.001). Transpiration 
rate (E) and stomatal conductance (gs) were both affected 
by the treatment and dependent upon the origin of plants 
(Table 1), while recovery period did not show an effect on 









Vegetation responses to environmental conditions are me-
diated by a suite of functional traits affecting water relati-
onships, resource acquisition and other aspects of plant 





Various authors found opposite plant photosynthetic res-
ponses during defoliation. Peterson et al. (1996) found no 
alteration  of  photosynthesis  in  hardwoods  under  pest 
attack, while Turnbull et al. (2007) recorded increased pho-
tosynthesis in leaves of eucalyptus (Eucalyptus globulus La-
bill.) under partial defoliation. Decreased photosynthesis 
was recorded under defoliation treatments in this study. 
Table 1. Results of Nested ANOVA procedure performed individually for each trait.
Tablica 1. Rezultati analize varijance po ispitivanim parametrima
Effect df A Chl E gs Ci NRA WUE
Date 1 3.51ns 2.99ns 31.61*** 0.06ns 0.57ns 665.0*** 16.21***
Treatment (date) 6 38.50*** 11.41*** 24.13*** 14.29*** 25.03*** 26.31*** 6.30***
Family (date*treatment) 8 1.17ns 10.04*** 12.34*** 4.91*** 28.24*** 7.76*** 8.22***
Legend: ns non-significant; *** p<0.001.
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Our results are in concordance with Aldea et al. (2006) who 
recorded a decline in photosynthesis of remaining leaf ti-
ssue in understory oak saplings, while Schaffer et al. (1997) 
recorded significant correlation between the damage inten-
sity and net photosynthesis of citrus attacked by leaf miners. 
Besides a direct reduction of photosynthesis due to less leaf 
mass, defoliation indirectly reduces photosynthesis and 
transpiration of leaves by causing damage to vasculatures 
that supply leaf tissues (Nabity et al., 2009). Decrease of 
both photosynthesis and stomatal conductance in our study 
supported the above-mentioned hypothesis. On the other 
hand, Meyer and Whitlow (1992) found no alteration in 
photosynthesis and stomatal conductance in goldenrod un-
der attack of leaf beetle, although significant increases in 
Chart 1. Results of measurement of physiological parameters of investigated families during the induced stress. Net photosynthesis (A), chart 
A; stomatal conductance (gs), chart B; sub-stomatal CO2 concentration (Ci ), chart C; transpiration rate (E), chart D; water use efficiency (WUE), 
chart E; chlorophyll content (Chl), chart F; nitrate reductase activity (NRA), chart G. (vertical bars with the same letter did not differ at p=0.05; 
vertical bars include standard deviations)
Graf 1. Rezultati mjerenja fizioloških parametara dviju istraživanih familija hrasta lužnjaka izloženih različitim tretmanima na vrhuncu stresa. Stopa neto 
fotosinteze (A), (prikaz A); stopa provodljivosti puči (gs), (Prikaz B); intercelularna koncentracija CO2 (Ci), (prikaz C); stopa transpiracije (E), (Prikaz D); 
učinak iskorištenja vode (WUE)(prikaz E); sadržaj klorofila (Chl), (Prikaz F);, aktivnost nitrat reduktaze (NRA), (prikaz G);,  (Vrijednosti s istim slovima  se 
nisu signifikantno razlikovale pri p=0,05, vertikane linije predstavljaju standardnu devijaciju)
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sub-stomatal CO2 concentration suggested a possible de-
crease of photosynthetic rate. The decrease in photosynthe-
sis and stomatal conductance in our study was also followed 
by decreases of Ci under defoliation. Following analogy of 





gypsy moth attacked leaves. 
The decrease in photosynthesis of young oak seedlings un-
der drought treatment is difficult to interpret and generalize 



















ductance (gs) indicate mechanisms and severity of pho-
tosynthetic inhibition where decreased Ci is related with 







sizing the importance of genetic background in understan-
ding drought responses of tested families. Opposite to pho-





ined in this study (i.e., transpiration did not decrease under 
drought treatment). 
As expected, the presence of stress factors affected metabo-















chlorophyll contents of tested families did not respond si-




ght in Q. robur and Q. petraea (Epron and Dreyer, 1993). 
According to Rahdari and Hoseini (2012), an increase in 
chlorophyll levels under conditions of environmental stress 
is one of the resistant symbols in plants that are proporti-
onal to stress. Since family 2 had a higher content of pi-
gments under drought treatment than family 7, the results 
indicated that those plants may have had a higher drought 
tolerance and provided a stronger photoprotective system 






sensitive physiological  indicators of water  stress  than 
either stomatal closure or photosynthesis (Bardzik et al., 
1971; Hsiao et al., 1976). The negative effect of water de-
ficit on the activity of this enzyme may result from decre-
ased nitrate reductase protein or decreased activation of 
the existing protein (Correia et al., 2005). In our experi-
ment, compared to the control, NRA appears to vary si-
gnificantly in the leaves of family 2 in response to drought 
treatment. On the other hand, family 7 did not express 
decrease in any of the treatments. One of the reasons for 
this may be the fact that compatible solutes may contri-
bute to the maintenance of enzyme activity. According to 
Smirnoff et al. (1985), accumulation of proline may faci-
litate the continued synthesis of nitrogenous compatible 
solutes using excess photochemical energy available when 
stomata are closed, as recorded in family 7. In addition to 
carbon metabolism, nitrogen metabolism is also affected 
by drought stress. 
Recovery period still showed a significant decrease of net 
photosynthesis and transpiration in both investigated fa-
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milies. However, differences between stomatal conductance 
and intercellular CO2 concentrations among families were 




tosynthesis. Decreases of stomatal conductance recorded 







Chart 2. Results of measurement of physiological parameters of investigated families during after the 7-day recovery period. Net photosynthesis 
(A), chart A; stomatal conductance (gs), chart B; sub-stomatal CO2 concentration (Ci ), chart C; transpiration rate (E), chart D; water use efficiency 
(WUE), chart E; chlorophyll content (Chl), chart F; nitrate reductase activity (NRA), chart G. (vertical bars with the same letter did not differ at 
p=0.05; vertical bars include standard deviations)
Graf 2. Rezultati mjerenja fizioloških parametara dviju istraživanih familija hrasta lužnjaka izloženih različitim tretmanima nakon 7-dnevnog oporavka. Stopa 
neto fotosinteze (A), (prikaz A); stopa provodljivosti puči (gs), (Prikaz B); intercelularna koncentracija CO2 (Ci), (prikaz C); stopa transpiracije (E), (Prikaz 
D); učinak iskorištenja vode (WUE)(prikaz E); sadržaj klorofila (Chl), (Prikaz F);, aktivnost nitrat reduktaze (NRA), (prikaz G);,  (Vrijednosti s istim slovima se 
nisu signifikantno razlikovale pri p=0,05, vertikane linije predstavljaju standardnu devijaciju)








recovery in Q. robur to a greater extent than in Q.petreae and 





cesses to optimum. In most cases, recovery period can vary 
upon the origin of the seedlings where provenances from 
xeric sites had shorter recovery period (Arend et al., 2016), 
or in some cases, atmospheric conditions such as elevated 
CO2 can accelerate recovery of the photosynthesis (Gallé et 
al., 2007). Sometimes even when the net photosynthesis re-
covers fully, the recovery of the entire photosynthetic pro-





tosynthesis of investigated oak families under the simulta-
neous effect of drought stress and/or attack by caterpillars. 
However, NRA did not decrease under stress in both fami-










response to induced stress and recovery, indicating the po-
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of hybrid poplar (Populus × euramericana DODE (GUINIER)) 
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Rezultati mjerenja fizioločkih parametara prilikom induciranog Kod tretiranih klijanaca A opala je za 
42-61% u odnosu na kontrolni tretman (Graf 1) a u isto vrijeme, zabilježen je porast Ci u svim tretm-
anima, što ukazuje na metaboličku limitiranost fotosinteze, osobito ako se uzme u obzir da nije 
zabilježeno signifikantno smanjenje provodljivosti puči u svim tretmanima. Inducirani stres je različito 
utjecao na aktivnost nitrat-reduktaze koja je bila smanjena samo kod familije 2 u svim tretmanima. 
Period oporavka biljaka (Graf 2) nije doveo do povećanja intenziteta fotosinteze kod ispitivanih si-
janaca hrastova u obje familije, ali je zabilježena razlika u pogledu razine njene limitiranosti. Kod 
familije 2 limitiranost je bila uvjetovana zatvorenošću puči (smanjena vrijednost gs), dok je kod familije 
7 ona i dalje bila metaboličke prirode (visoke vrijednosti Ci). Oporavak je uvjetovao povećanje razine 
aktivnosti nitrat-reduktaze, što ukazuje na postepeni oporavak biljaka.  
Analiza varijance utjecaja tretmana, familije i perioda oporavka (Tablica 1) pokazala je znakoviti utjecaj 
porijekla sjemena na sve ispitivane parametre osim intenziteta neto fotosinteze (p>0.001), dok je 
utjecaj tretmana bio signifikantan kod svih ispitivanih parametara (p>0.001) Period oporavka je imao 
signifikantan utjecaj (p<0.001) samo za E, NRA i WUE.
Dobiveni su rezultati pokazali značajan utjecaj stresa na fiziološke procese u klijancima hrasta lužnjaka, 
posebice na intenzitet neto fotosinteze, dok je oporavak pokazao različitu reakciju ispitivanih familija 
unatoč i dalje smanjenom intenzitetu neto fotosinteze. Dobijeni rezultati ukazuju i na značaj porijekla 
sjemena, odnosno utjecaj njegove genetske pozadine na rekaciju ispitivanih familija glede njihove 
reakcije i oporavka od stresa. To ukazuje na mogućnost korištenja fizioloških parametara u procesu 
selekcije reporduktivnog materijala hrasta lužnjaka na otpornost prema stresnim čimbenicima poput 
suše ili napada defolijatora.
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